Abstract. The type, density, and distribution of defects in initial and oxidated monocrystalline silicon wafers were studied by modern methods. It was established that disordered silicon and stacking faults are basic defects in near-surface layers of oxidated monocrystalline silicon. It was shown that stacking faults are generated during the oxidation process, and the mechanism of their formation is connected with the defective layered structure of initial silicon wafers. It was established that defects of layered heterogeneity, on the one hand, lead to the formation of stacking faults and, on the other hand, prevent their propagation to the wafer bulk.
Introduction
Layered silicon dioxide -silicon structures that are used in current integrated electronics are of special interest, since it allows formation of the built-in induced barrier areas on interfaces of these structures. These areas are widely used to study semiconductors, dielectric phases, and interfaces. Parameters of initial semiconductor, dielectric materials and their interfaces, as well as their deficiency influence electrophysical parameters of instrumentation [1, 2] . The contribution to device deficiency caused by slicing the initial nonoxidated and oxidated wafers should also be taken into account. More and more rigid requirements on reliability of parameters of structures and systems on their basis demand not only new technologies, but also further experimental and theoretical researches of defect formation processes. As a result, quality assurance efficiency of produced structures can be increased [3] . Such researches are necessary, in particular, to increase reliability and stability of parameters of silicon field MOS-structures [2] .
Silicon oxidation process results both in generation of new defects and in genesis of initial defects. If the new defect generation process during silicon oxidation is studied well enough [4] , the question of genesis of initial defects is still the open one [5] .
Thus, in this work we report results of investigations devoted to genesis of initial defects in the process of silicon oxidation and subsequent machining (scribing) of oxidated silicon.
Samples and experimental techniques
Monocrystalline phosphorous-doped silicon (PDS) wafers PDS-4.5 (111), nonoxidated and oxidated at temperatures close to 1150 ºC in atmosphere of dry oxygen were studied. The diameter of wafers was 40 mm, thickness of silicon dioxide (SiO 2 ) was (1±0.1) μm. Detection of defects was carried out after processing of silicon wafer surface in Sirtle chemical selective etchant [6] . Silicon dioxide was preliminary removed in hydrofluoric acid (HF). Sirtle chemical selective etchant (50 g CrO 3 + 100 ml H 2 O + 100 ml HF (46 %)) is used to etch close-packed silicon planes (111) with the etching speed of about (2-3) μm/min. Setting the etching time from 10 s with a step of 10 s, the levelby-level analysis of the silicon wafer was carried out. Knowledge of the etching speed enabled us to control the depth of analysis from the surface into the bulk of the silicon wafer. Scanning electron microscopy of surface (SEMS) by scanning electron microscope "РЭМ 106Л" manufactured by SELMI with X-ray microanalyzer (sensitivity of the device reaches 0.5 at.%) and also by scanning electron microscope manufactured by OXFORD INSTRUMENTS with the adapter for X-ray microanalysis (sensitivity of the device is not worse than 0.02 at.%) were used for studying of silicon surface after chemical treatments [7, 8] .
Results and discussion
Research of the end face of silicon wafers before oxidation by means of SEMS has revealed the presence of the defect with layered heterogeneity. The mechanism of its occurrence is related with imperfection of growing silicon ingots and is not related with the oxidation process ( Fig. 1 ). Cluster aggregates of background impurity atoms ( Fig. 1 ) and microdefects ( Fig. 2) were detected in silicon wafers before oxidation.
After removal of SiO 2 in HF, usual structural defects in silicon (such as dislocations or stacking faults) were not found directly under silicon dioxide in oxidated silicon wafers. These structural defects were not also observed in the layers, which lay at the depths 0.4, 0.8, and 1.3 μm under the surface of the silicon wafer (etching time was 10, 20, and 30 s, respectively). Absence of usual defect pattern in near-surface layers of silicon indicates that these layers contain strongly disordered silicon, similar to a fine-blocked polysilicon [9] . It was established that structural defects are not observed in disordered silicon layer by SEMS, because the surface of disordered silicon layer is highly charged, and that blocks reflected electron beam [10] . We observed etching pits of irregular shape, connected with areas of removed silicon oxide, formed owing to accelerated diffusion of oxygen along initial structural defects during oxidation. Further level-by-level analysis of silicon wafers has shown that disordered silicon layer passes in the layers, containing grids of dislocations, and then in the layers containing oxidation stacking faults and separate dislocations (Fig. 3) . The level-by-level analysis of nonoxidated silicon wafers has not revealed stacking faults. The high density of dislocations and lines of dislocations is observed in the locations of stacking faults in oxidated wafers. The fragment of such dislocation cluster is presented in Fig. 4 . It was established that stacking faults and dislocation clusters in oxidated silicon wafers are formed in locations of Atype microdefect clusters in initial wafers.
Stacking faults, atypical at the first sight, were found out in silicon wafers with (111)-orientated surface plane. Crystallographic etched pits of these stacking faults look not as a straight line but represent the closed and non-closed triangles (Fig. 3) . These patterns represent combinations of two (Fig. 5 ), or three (Fig. 6 ) stacking faults that could not develop after striking with the boundary formed by the neighbouring stacking fault.
As the analysis of wafers has not revealed any traces of mechanical damages of a surface, existence of stacking faults can be explained exclusively with the presence of swirl defects. According to one of the existing models [11, 12] , complexes of point defects and background impurity lead to formation of swirl defects. Therefore, the cluster of background impurity, caused by imperfection of technological process of silicon ingots growth, has led to the formation of point defects that, in turn, have led to formation of swirl defects. Swirl defects, at the absence of mechanical damages, are the only reason of stacking faults formation during hightemperature silicon oxidation. Owing to defect of layered heterogeneity and swirl distribution of A-type microdefects, the revealed stacking faults are observed only for separate areas of separate silicon layers, that, as a whole, does not lead to essential changes in electrophysical parameters of silicon wafers. Therefore, stacking faults are observed not on the whole surface of silicon layer but only on some separate areas [13] and do not lead to considerable changes in electrophysical parameters of silicon. Impurities in silicon (Fig. 1) can form macrodefects in a form of dendritic formations (Fig. 7) that consist of a mixture of solid solutions of iron and chrome. Accumulation of mechanical stresses, which can exceed silicon yield stress, takes place on dendrite-silicon boundary [14, 15] . Thus, the area of strongly disordered silicon is formed directly under the dendrite.
The case of dislocation multiplication when scribing the oxidated silicon wafer is presented in Fig. 8 . The depth of analysis was 10 μm. Dislocations and lines of dislocations are caused by Frank-Read and Alexander-Haasen sources [16] . It is seen that mechanical stresses propagate in a radial direction from the scribing line. Dislocations and areas with changed mechanical potential are located in the same direction. These areas can be related with the existence of FrankRead sources, that is, with the existence of point defects of different types, which locally change elastic parameters of crystals, which leads to formation of structural defects under external actions [17] . Within the limits of Alexander-Haasen model, it is supposed that dislocation multiplication occurs by their creep with further multiplication.
Conclusion
1. Layering of oxidated wafers structure results in accumulation of all foreign impurities on layer boundaries of monocrystalline silicon. The layer boundary, in fact, is a surface. The surface, in turn, is always a drain area for point defects. Point defects act as sources of microdefects, such as, in our case, A-type swirl defects. At wafer oxidation, swirl defects are sources of stacking faults. This can be explained by the fact that swirl defects are always decorated by a background impurity. As a result, mechanical stresses arise at the interface of silicon and impurity, decorating microdefect, which can exceed yield stress. It leads to the accelerated oxygen diffusion with formation of oxidation stacking faults. Thus, it may be concluded that owing to wafer layering, areas of swirl defects are formed at layer boundaries in locations of foreign impurity clusters. When wafer is oxidated, swirl defects transform to stacking faults. That is, layering of monocrystalline silicon wafer is the reason for stacking faults appearance in oxidated wafers. The mechanism of stacking faults formation from microdefects because of wafer oxidation is proposed.
2. Owing to layered wafer structure, structural defects (stacking faults), observed for each of wafer layers, do not intergrow over the whole wafer thickness, but begin and end within the limits of one layer. Thus, wafer layering leads to the decrease of the bulk density of defects, inhibiting their intergrow over the wafer thickness.
3. For technological processes related with silicon oxidation the layered wafers can be recommended as the structures containing drain areas for foreign impurities on the one hand, and as the structures blocking growth of structural defects (such as stacking faults and dislocations) when oxidating and scribing these wafers, on the other hand.
